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ABSTRACT
We have imaged the H92α and H75α radio recombination line (RRL) emissions from the starburst
galaxy NGC 253 with a resolution of ∼4 pc. The peak of the RRL emission at both frequencies coincides
with the unresolved radio nucleus. Both lines observed towards the nucleus are extremely wide, with
FWHM of ∼200 km s−1. Modeling the RRL and radio continuum data for the radio nucleus shows
that the lines arise in gas whose density is ∼104 cm−3 and mass is few thousand M⊙, which requires
an ionizing flux of 6–20×1051 photons s−1. We consider a SNR expanding in a dense medium, a star
cluster and also an AGN as potential ionizing sources. Based on dynamical arguments, we rule out an
SNR as a viable ionizing source. A star cluster model was considered and the dynamics of the ionized
gas in a stellar-wind driven structure was investigated. Such a model is consistent with the properties of
the ionized gas only for a cluster younger than ∼105 years. The existence of such a young cluster at the
nucleus seems improbable. The third model assumes the ionizing source to be an AGN at the nucleus.
In this model, it was shown that the observed X-ray flux is too weak to account for the required ionizing
photon flux. However, the ionization requirement can be explained if the accretion disk is assumed to
have a Big Blue Bump in its spectrum. Hence, we favor an AGN at the nucleus as the source responsible
for ionizing the observed RRLs. A hybrid model consisting of a inner ADAF disk and an outer thin disk
is suggested, which could explain the radio, UV and the X-ray luminosities of the nucleus.
Subject headings: galaxies: individual (NGC 253) — galaxies: ISM — galaxies: nuclei — galaxies:
starburst — radio lines: galaxies
1. introduction
NGC 253 is a nearby (D=2.5 Mpc) spiral galaxy with
the central ∼100 pc hosting a vigorous starburst. The
ionized gas in this region, studied by its emission in the
radio, infra-red and the optical, consists of both compact
and diffuse components and is distributed along a highly
inclined ring. Turner and Ho (1985) discovered a string of
compact sources at 15 GHz, which were studied in detail
by Antonucci and Ulvestad (1988) and Ulvestad and An-
tonucci (1997). A number of infra-red (IR) hotspots have
also been imaged in this region (Forbes, Ward, and De-
poy 1991; Forbes et al. 1993; Pin˜a et al. 1992; Keto et al.
1993; Sams et al. 1994). Kalas and Wynn-Williams (1994)
and Sams et al (1994) showed that most of these hotspots
are regions of low dust extinction and are not coincident
with the radio sources. Optical imaging by Watson et al.
(1996) revealed the presence of four star clusters, which
were identified with individual IR knots (see also Forbes
et al. 2000). The radio and the IR-optical sources seem
to trace different populations of objects, presumably su-
pernova remnants and HII regions, respectively. Radio
recombination lines (RRLs) have been observed from this
galaxy in the cm (Seaquist and Bell 1977; Mebold et al.
1980; Anantharamaiah and Goss 1996) and mm (Puxley et
al. 1997) wavebands with a resolution of a few arcseconds
(1′′=12 pc) or larger. Since IR and radio continuum im-
ages are now available with sub-arcsecond resolution, the
identification of the exact sources of RRL emission using
high resolution imaging becomes relevant.
The peak of the IR emission is offset by about 3.5′′
southwest from the peak of the radio continuum emission
(the radio nucleus). There is no associated radio emission
towards the IR peak and weak IR emission is observed
near the radio nucleus. Keto et al. (1999) have shown
that the IR peak hosts a super star cluster (SSC) and
they have also suggested that the radio nucleus is prob-
ably an AGN. Turner & Ho (1985), based on their high-
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resolution VLA image of the 15 GHz continuum emission,
discovered that the radio nucleus is an unresolved source
with high brightness temperature and suggested that the
nucleus could harbor an AGN. Multi-band tracers of ion-
ized gas ([NeII]: Bo¨ker, Krabbe and Storey 1998; Keto et
al. 1999; Brγ : Forbes et al. 1993; optical continuum
and line emission: Engelbracht et al. 1998; Watson et al.
1996; Forbes et al. 2000) show that the maximum emis-
sion at these wavebands coincide with the position of the
IR peak. It is therefore surprising that the cm-wave RRL
emission imaged by Anantharamaiah and Goss (1996) with
a resolution of 1.8′′×1′′ shows that the recombination line
emission peaks at the radio nucleus, with much weaker
emission near the IR peak. In order to further investi-
gate the characteristics of this emission, we have carried
out sub-arcsecond observations of the RRL emission from
NGC 253 at 8.3 and 15 GHz using the VLA. These obser-
vations will help identify the compact continuum sources
from which the RRLs observed at low resolutions origi-
nate. Additionally, since the peak of the line emission is
probably coincident with the radio nucleus, the physical
properties of the ionized gas in this region, and hence the
nature of the nuclear source can be derived by modeling
the RRL emission.
2. observations and results
The 8.3 GHz H92α and the 15 GHz H75α recombina-
tion lines from NGC 253 were observed using the Very
Large Array of the National Radio Astronomy Observa-
tory in the A configuration. This observing mode yields
the required parsec-scale resolution with the best sensitiv-
ity possible. The data analysis was done using standard
procedures available in the software package AIPS. The
datasets at 8.3 GHz, acquired over three periods, were con-
catenated for further processing. Of the two datasets avail-
able at 15 GHz, only one was used as the other suffered
from bandpass problems. Continuum images were made at
both frequencies and are consistent with the images pub-
lished by Ulvestad and Antonucci (1997). The channel
visibilities, after hanning smoothing off-line to reduce the
effects of Gibbs ringing, were used to construct line data-
cubes. The continuum and line images at both frequencies
were convolved to a common resolution of 0.35′′×0.22′′ at
a P.A. of −10◦. The shortest baselines in the datasets are
mentioned in Table 1. The largest well-sampled angular
scale in the images are estimated to be ∼7.5′′ at 8.3 GHz
and ∼3.0′′ at 15 GHz.
The continuum emission at 8.3 GHz and 15 GHz from
the central 3′′ region are shown in Figure 1. Also shown in
the figure are overlays of the integrated line emission. The
H92α and H75α spectra towards the peak of the line emis-
sion are shown in Figure 2. Further observational details
and image parameters are listed in Table 1. The peak of
the continuum emission corresponds to the radio nucleus
and is associated with the source 5.79-39.0 in the compact
source catalog of Ulvestad and Antonucci (1997). Though
the central 3′′ region contains multiple sources, the nu-
cleus is separable from the surrounding emission with our
resolution of 0.3′′. The peaks of both the H92α and H75α
line emission coincide with the unresolved radio nucleus,
with much weaker emission near the IR peak. Extended
H92α line emission is detected over a 3′′ region. Since the
8.3 GHz datasets were imaged with less weighting given
to short spacing visibilities in order to have similar reso-
lution as that of the 15 GHz data, this diffuse emission
is not detectable in Figure 1. In this paper, we will only
discuss the line emission detected against the unresolved
radio nucleus. The discussion of the extended line emis-
sion as well as the emission towards other compact sources
in the field will follow in a later paper.
3. modeling the rrl emission
The properties of the ionized gas at the nucleus were
modeled using the observed continuum and recombination
lines. These observational constraints correspond to an
area of ∼4 pc (one synthesized beam) and the values are
listed in Table 1. The line emitting gas was assumed to be
photo-ionized and the atomic level populations were de-
rived assuming that the gas is not in local thermodynamic
equilibrium (non-LTE). The ionized gas was modeled as
a single spherical HII region, a collection of HII regions
and also as a rectangular slab. Since the results are sim-
ilar in all three cases, we will only discuss the spherical
HII region model. The free parameters of the model are
electron density (ne), diameter (l) of the HII region and
electron temperature (Te); the range of parameter space
is indicated in Table 2. The density was assumed to be
uniform inside the HII region. The relative locations of
both the line emitting thermal gas and the non-thermal
continuum source along the line of sight within the synthe-
sized beam are unknown. Hence, the fraction of the non-
thermal continuum radiation which is behind the thermal
gas (and is responsible for stimulated line emission due to
background radiation) is varied from zero to the total ob-
served flux density in the models. For every combination
of ne, l and Te, the continuum and line emission strengths
were then calculated. Of these combinations, those mod-
els which reproduce the observed line strengths at both
frequencies and also predict continuum flux densities con-
sistent with the observed values were accepted as valid so-
lutions. The spectral index of the unabsorbed continuum
(which includes the non-thermal part as well the thermal
part which does not contribute to the observed line emis-
sion) was also calculated and was constrained not to be
steeper than −1.0. The details of the modeling technique
are discussed in detail by Anantharamaiah et al. (1993).
The range of values for various solutions are indicated in
Table 2. The results do not depend sensitively on the as-
sumed value of the electron temperature within the range
explored. Typical parameters of the line emitting gas are
listed in Table 3 for specific models. The allowed mod-
els described in Tables 1 and 2 assume that the unab-
sorbed continuum fills the synthesized beam. No solutions
were obtained if the gas is assumed to be in LTE; the
linear size of the region is too small and the background
non-thermal radiation is too weak to produce a detectable
RRL. Hence line enhancement due to non-LTE processes
is essential to explain the observed line strength. Only
a narrow range of densities (6×103–1.7×104 cm−3) is al-
lowed and the ionizing photon rate ranges from 6–20×1051
photons s−1. A power-law multi-density model was also
considered (see Model IV of Mohan et al. 2001 for de-
tails). In this model, gas at densities which differ con-
siderably from the values derived in this section will not
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contribute appreciably to the observerd RRL emision (see
Mohan et al. 2001). Hence the constant density approx-
imation used in the models mentioned above is justified.
For ne< 6×10
3 cm−3, the computed line emissions inside
a ∼4 pc region falls short of the observed values. For
ne> 1.7×10
4 cm−3, the model predictions do not agree
with the observed H92α/H75α line ratio. The observa-
tions can be explained without invoking stimulated emis-
sion due to a background continuum radiation, i.e., the line
emission can be explained solely by spontaneous emission
by ionized gas, which includes stimulated emission by its
own thermal continuum. For a given emission measure, in-
clusion of any externally stimulated emission enhances the
recombination line strength compared with a case where
no background radiation is invoked. Hence, the mass of
ionized gas needed and the required ionizing photon flux
are both less by up to a factor 2–3 for models incorporat-
ing non-thermal continuum radiation. If the unabsorbed
continuum is assumed to be a distributed uniform back-
ground, then the externally stimulated emission can ac-
count for up to 60–70 % of the total H75α line strength.
If these models are computed for either the H92α or the
H75α line alone, the range of allowed densities obtained
is larger. Including only the H92α line changes the lower
limit to the allowed density to 2000 cm−3, whereas, densi-
ties as high as 105 cm−3 are allowed for models which in-
corporate only the H75α line. Thus, including both RRLs
constrains the possible density to a much narrower range,
assuming that all of the observed line emission at both
frequencies arises in the same region of ionized gas. Our
models, therefore, show that the observed H75α and H92α
lines arise in gas with a mass of a few thousandM⊙, a den-
sity of ∼104 cm−3 and require an ionizing photon flux of
≥6×1051 s−1. The relative faintness of RRLs from near
the IR peak, and the absence of a strong radio counterpart
to the IR peak, which is a massive SSC, does not necessar-
ily imply that there is less gas at the latter position; the
gas could be of lower density instead.
4. the ionizing source
The RRL detection from the unresolved radio nucleus
is from a sufficiently small linear size that the interpreta-
tion is not complicated by the unknown beam filling fac-
tors of the gas. The derived ionizing photon flux inside
a ∼0.3′′ (4 pc) region can be compared with the values
computed from other tracers of ionized gas. Using photo-
ionization models, this value corresponds to a Hα flux of
1.2×10−14 W/m2. Forbes et al (2000) list the Hα fluxes of
compact optical sources measured inside a 0.4′′ aperture.
Since the strength of the line emission at the position of
the radio nucleus is weak (Watson et al. 1996 and Forbes,
private communication), we can assume that the Hα flux
from this area is less than that of the weakest source listed
in their table. Then the extinction derived using the Hα es-
timated from RRL modeling is AV >14
m, consistent with
the AV=24
m±6 derived by Sams et al. (1994) towards the
radio nucleus. Measurements of other IR emission lines
from ionized gas correspond to much larger apertures and
since the region surrounding the radio nucleus does contain
significant amounts of ionized gas, a direct comparison is
difficult. Nevertheless, if we assume an uniform extinction
of 25m in the central region, then the extinction corrected
Brα flux from the central 6′′ (from the data of Beck &
Beckwith 1984) is a factor of 10 higher than the predic-
tions of our model for the ∼0.3′′ region of the nucleus.
Forbes et al. (1993) measured the Brγ emission inside a
2′′ aperture centered around the radio nucleus (referred to
as spot A). The Brγ flux measured by them is a factor of
two higher than the value predicted by our models, this
excess being possibly due to their larger aperture.
Since the region of interest is highly obscured, the source
of the photo-ionization remains uncertain. We have con-
sidered three possible candidates : (1) supernova remnant
expanding in a dense medium, (2) stellar cluster and (3)
AGN. Each of these will now be examined in detail to
investigate which of these can explain the observed prop-
erties of the nuclear region. The imposed constraints are
the derived properties of the ionized gas like density, size,
ionizing flux and line width and also the radio, UV (de-
rived from ionization) and X-ray luminosities of the nu-
cleus. The 2–10 keV X-ray luminosity (L2−10) of the X-
ray source coincident with the radio nucleus is 7×1038 ergs
s−1 (unresolved for E > 2 keV; Pietsch et al. 2001, using
the XMM–NEWTON).
5. a compact supernova remnant as an ionizing
source
Chevalier and Fransson (2001) invoked a supernova rem-
nant (SNR) expanding into a dense ambient medium to ex-
plain some of the compact radio sources in the starburst
galaxy M 82 and in Arp 220 as well and we now consider
such a model to explain the nucleus of NGC 253. The high
ambient density slows down the expansion to a few 100 km
s−1, confines the remnant to a smaller size, and causes it
to quickly enter the radiative or snowplow phase. These
factors could explain the spatial extent (≤4 pc) and the
line width (attributed to the expansion of the remnant)
of the ionized gas. In the snowplow phase, the swept-up
gas cools and forms a thin shell, and can be ionized by
the X-ray photons from the hot gas inside the remnant,
giving rise to the observed RRLs. We have calculated the
dynamics and radiation of such an SNR in an attempt to
explain the RRL observations. In our model, the input
parameters are the initial energy of the explosion, Eo, the
ambient density, no, and the age of the compact SNR. Fol-
lowing the work of Draine and Woods (1991), we calculate
the velocity and radius of the shock front and also the ion-
ization rate and the density of ionized gas in the shell as
a function of time, Eo and no. The time dependent value
of L2−10 was also computed for both the Sedov phase (us-
ing the similarity solutions; Newman 1977) and for the
radiative phase. The observed values (listed in Table 1
and 2) are compared with these calculated values for the
radiative phase of the SNR (when an expanding recom-
bining gas is produced). We find that the models cannot
simultaneously satisfy all of these constraints for any com-
bination of input parameters. Hence the properties of the
nucleus cannot be explained by an SNR expanding in a
dense medium.
6. a star cluster as an ionizing source
In this section, we assume that the nucleus hosts a stel-
lar cluster and derive its properties. The number of O stars
necessary to produce > 6×1051 photons s−1 is > 450 and
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the total mass of the cluster is > 8.5×104 M⊙ (computed
assuming a Salpeter IMF with a mass range between 1–80
M⊙ and using the tables in Vacca, Garmany and Shull
1996). Since the region modeled is ∼4 pc in extent, the
resultant total stellar mass and the lower limit to the stel-
lar surface density imply that the ionizing source must be
a super star cluster (SSC; Meurer et al 1995). The RRLs
are assumed to arise in the HII region around this SSC
(similar to ‘supernebulae’ discovered in centers of other
galaxies: Kobulnicky and Johnson 1999; Neff and Ulves-
tad 2000; Tarchi et al. 2000; Turner, Beck and Ho 2000;
Mohan et al. 2001). The detection of wide lines with
FWHM of ∼200 km s−1 from within a ∼4 pc region is a
constraint on the dynamics of the nebula, which we inves-
tigate below. It should be noted that the dynamical age
of the gas (∼radius/velocity) is ∼104 years and the sound
crossing time is ∼105 years.
6.1. Gas dynamics of the ‘supernebula’
Though a HII region ionized by a central cluster will
expand outwards, its expansion velocity can never exceed
the speed of sound in the ionized medium (Spitzer 1968)
and hence cannot account for the wide lines observed. Also
champagne flows in HII regions cannot produce velocities
larger than ∼50 km s−1 (Yorke, Tenorio-Tagle and Boden-
heimer 1984). Though supersonic velocities are known in
extragalactic HII regions, their line widths are only ∼30–
100 km s−1 and the HII regions are also much larger in
size (for eg., Mun˜oz-Tun˜o´n, Tenorio-Tagle and Casten˜ada
1996). The only plausible way to explain the observed ve-
locity width is by invoking a stellar-wind driven HII region
expanding at ∼100 km s−1. The expansion velocity of a
wind-driven shell scales as (Lmech )
1/5, where Lmech is the
mechanical luminosity of the wind and hence a expansion
velocity of 100 km s−1 for a cluster whose Lmech is ∼10
3
times that of an O star is easily obtainable. The dynamical
age of a wind-driven shell is ∼0.55×Rshell/Vshell (McCray
1983), i.e., ∼104 years.
The model considered here is that of a uniform den-
sity nebula whose dynamics is determined by the ionizing
photons and the stellar wind of a central SSC. In the wind-
driven phase of expansion, the nebula quickly enters the
snowplow phase (≤103 years), wherein it can be either
in the energy-conserving or in the momentum-conserving
phase. The swept-up matter forms a thin shell which is
assumed to trap all the ionizing photons. The input pa-
rameters are the star formation history of the cluster, the
constant ambient density (no) and the age of the cluster
(assumed to be the same as the nebula) and the range of
parameter space explored is summarized in Table 4. The
time dependent values of NLyc and Lmech were derived
from simulations using the code Starburst 99 2 (Leitherer
et al. 1999). This simulation was carried out for solar
metallicity and a Salpeter initial mass function with an
upper mass cut-off of 100M⊙. These values were obtained
both for a continuous and an instantaneous star formation
history for a particular value of star formation rate (SFR)
and subsequently scaled linearly for other values of SFR.
For a given combination of input parameters, the radius
and velocity of the shock front (almost the same as that of
the ionized gas), mass of ionized gas, ionization rate and
the gas density were computed. These calculations were
carried out using the expressions in Shull (1980) for the
appropriate phase of the nebula. The derived values were
compared with the values derived from the RRL model-
ing, listed in Table 4. Acceptable solutions were identified
which were consistent with the imposed constraints. Table
4 summarizes the allowed parameters.
Gas dynamics narrowly constrains the properties of the
possible supernebula. The derived solutions correspond to
wind-driven shells in the energy-conserving phase. The
allowed age of the nebula (and hence the cluster) is
∼2.5×104 years, corresponding to a diameter of 7–8 pc;
no solutions for smaller sizes were found. These values are
a strong constraint on the hypothesized SSC. However,
the reliability of these values depends on the accuracy of
the Starburst 99 code for young clusters, as discussed in
section 8.1.
7. a weak agn as an ionizing source
Turner & Ho (1985) discovered that the nucleus is unre-
solved in the radio continuum, and has a high brightness
temperature and hence suggested a possible AGN at the
nucleus. Ulvestad & Antonucci (1997) also arrived at the
same conclusion based on their higher-resolution images.
The derived size is < 0.05′′ and the lower limit to the
brightness temperature is between 22 000-90000 K. If an
AGN does exist at the nucleus, then its UV continuum
can be invoked to ionize the RRL emitting gas. The ex-
pected UV luminosity can be estimated using the observed
radio continuum and X-ray luminosities. Based on the up-
per limit to the size of the ionized gas and the observed
line width, the dynamical mass at the center (∼σ2r/G) is
constrained to be less than 3×106 M⊙.
Powerful AGNs are powered by a geometrically thin
standard accretion disk whose blackbody emission peaks
in the UV, called the Big Blue Bump, or BBB (Koratkar
and Blaes 1999), which can provide the required ioniza-
tion. Falcke et al. (1995) showed that this BBB luminosity
is correlated with the core radio emission (νLν at 2 cm)
for a sample of quasars. Extrapolating their relation for
radio-weak quasars for the 2 cm luminosity of NGC 253
which is about hundred times less than their sample, the
BBB luminosity for the nucleus is estimated to be ∼1042
ergs s−1. This UV luminosity corresponds to an ionizing
photon flux of ∼2×1052 s−1, consistent with the value de-
rived from the observed RRLs. Based on the derived UV
luminosity, the value of L2−10 was calculated for a range
of input parameters (Frank, King and Raine 1985). It was
found that the thin disk model under-predicts L2−10, and
is consistent with observations only for super-eddington
accretion rates.
However, given the low radiative efficiency of the nu-
cleus (the accretion rate is estimated to be less than 0.01
times the eddington rate), the AGN could be powered by
an ADAF disk (Narayan, Mahadevan and Quataert 1998).
ADAF models predict the absence of a BBB. The 2 cm
radio luminosity of the nucleus of NGC 253 implies that
the AGN is of low luminosity (LLAGN; Nagar et al. 2000)
and these LLAGNs have been shown not to exhibit a BBB
in their UV emission (Ho 1999). Hence we shall now try
2 URL: http://www.stsci.edu/science/starburst99/
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to explain the ionization from the X-ray luminosity in-
stead. Pietsch et al. (2001) modeled the emission from
the nuclear X-ray source as bremsstrahlung radiation from
a three-temperature plasma. For simplicity, we shall as-
sume that the UV up to X-ray emission is bremsstrahlung
radiation from plasma at a single temperature, Tx. The
UV portion of the emission is constrained to produce an
ionizing photon flux greater than that needed to explain
the RRLs and the 2–10 keV portion is normalized to the
observed value. The required ionization is found to be
consistent with the observed X-ray flux only for Tx<0.2
keV. Since it is unlikely that most of the 2–10 keV emis-
sion arises in the exponentially decaying part of the ther-
mal emission at 0.2 keV, this result is interpreted to imply
that the X-ray emission is too weak to explain the required
ionization.
8. discussion
8.1. The star cluster model
Given the uncertainty of stellar tracks, NLyc and Lmech
predicted by the Starburst 99 code are not accurate to
more than a factor of a few for t<5×105 years (Leitherer,
private communication). The radius of the shock front is
Rs∼(
∫
Lmechdt)
1/5 in the energy-conserving phase. Since
Lmech is a monotonically increasing function of time (up
to 5×106 years for a continuous SFR), the dynamics of the
nebula at t>5×105 years is insensitive to the uncertainties
in the Starburst 99 model at earlier times. Hence we can
conclude that a nebula older than this age will not be able
to explain the observations. The only consistent nebular
age estimate derived in section 6.1 is ∼2.5×104 years. The
inputs from the Starburst 99 code are not accurate for such
short timescales. Nevertheless it can be shown that since
the ratio between Lmech and NLyc is constant with time,
if just the functional dependence of Lmech with time for
t<5×105 years is reliable, then the model results are rel-
atively independent of the uncertainties in the Starburst
99 codes. However, given the short ages derived, it can
be expected that the star formation at this timescale, and
hence the value of Lmech and NLyc, is stochastic, in which
case, the derived age is inconsistent with the assumptions
in the model. Even for a stochastic star formation process,
the short dynamical timescale of 104 years needs to be ex-
plained. The dynamical model implicitly assumes that the
star cluster is spatially within the wind-blown structure,
which need not be true for a ≤4 pc region. The model also
assumes that the stellar wind of the individual stars add
coherently to produce a total ‘cluster-wind’. This assump-
tion will be violated for a young cluster due to stellar-wind
collisions and YSO outflows. These factors may help con-
fine the gas for a longer time and also provide a natural
way of increasing the line width by stirring up the intra-
cluster medium. Hence if a star cluster is invoked as an
ionizing source, it must be fairly young, though the prop-
erties of such a young cluster cannot be easily predicted.
8.2. The AGN model
We have shown in section 7 that if the proposed AGN
hosts a standard thin accretion disk with a BBB, then
this disk produces enough UV radiation to ionize the RRL
emitting gas but its X-ray emission falls short of the ob-
served value. On the other hand, if the AGN has an ADAF
disk instead, then again, the observed X-ray emission is in-
sufficient to ionize the RRL emitting gas. ADAF models
also predict the X-ray emission for a given radio flux and
mass of the black hole (Yi and Boughn 1998) and the esti-
mated X-ray luminosity is a hundred times less than that
observed (and is ten times less than the ratio observed in
other LLAGNs; Ulvestad and Ho 2001). A possible way
of explaining the observed radio and X-ray fluxes along
with the required UV flux is the model of Quataert et al.
(1999) who explain the spectrum of two LLAGNs which
have an X-ray to UV ratio which is too large for a thin
disk and too small for an ADAF disk. Following their
work, we hyphothesize that the possible AGN in the nu-
cleus of NGC 253 has an ADAF disk in the interior, giving
way to a standard thin disk beyond a certain radius. In
this picture, the radio and the UV emissions arise in the
outer disk (which would have a BBB in its spectrum) and
the X-ray emission arises from the inner ADAF disk.
8.3. The ionizing source
It is clear from section 8.1 that if the ionizing source is
a star cluster, its age must be atleast younger than ∼105
years. The AGN model, discussed in section 8.2, does
manage to explain the observations but the constraints
on this model are relatively less in number. The prob-
ability of detecting a star cluster of age <
∼
105 years at
the radio nucleus would be small. Since there is addi-
tional evidence supporting the existence of an AGN at
the nucleus, we favor an AGN as the possible ionizing
source. The existence of an AGN at the nucleus needs
to be confirmed through high resolution radio continuum
or X-ray imaging. The surrounding region has a transi-
tional HII/weak-[O I] LINER spectrum (Engelbracht et
al. 1998) and hence disentangling the optical signature of
an AGN from this LINER emission will be difficult. De-
tailed multi-wavelength modeling of the nuclear emission
also needs to be carried out in the framework of the AGN
model in order to further constrain the properties of this
object.
9. conclusions
We have imaged the RRL emission from the starburst
galaxy NGC 253 at 8.3 GHz and 15 GHz with a spatial
resolution of ∼0.3′′ (∼4 pc) using the VLA. The line emis-
sion is maximum at the radio nucleus at both frequencies
and is much weaker near the position of the IR peak, which
is known to host an SSC. The line widths of both RRLs
are large: ∼200 km s−1. The continuum and line emission
were modeled in terms of a uniform density photo-ionized
gas. The observed RRLs can be explained as arising from
a 2–4 pc sized region of gas of mass few thousand M⊙,
at a density of 104 cm−3. The ionizing flux required is
6–20×1051 photons s−1. This gas can, in principle, be
ionized by a compact SNR, a star cluster or by an AGN.
The dust extinction against the nucleus is very high and
hence direct detection of the ionizing source in the optical-
IR is not feasible. Detailed dynamical modeling shows that
a compact SNR cannot explain the observed properties of
the ionized gas. The star cluster model was investigated in
terms of a stellar wind-blown structure. Such a model can
account for all of the observed properties only for a cluster
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of age ∼2.5×104 years. Though this age estimate is shown
not to be consistent with the dynamical model considered,
a relatively young age (<
∼
105 years) for any such cluster
is unavoidable. If an AGN is assumed to be the ionizing
source, then the observed X-ray flux cannot explain the
required ionizing photon rate. However, a simple thin ac-
cretion disk model can account for the ionization based
on the observed radio flux density. A composite model
involving an inner thin disk and an outer ADAF disk is
suggested, in order to simultaneously explain the radio,
UV and the X-ray observations.
The detection of such a young star cluster at the nucleus
of the galaxy is improbable. Since there is additional evi-
dence supporting the existence of an AGN at the nucleus
from radio continuum data, we favor the AGN model as
an ionizing source. If confirmed, our observations could
be the first detection of RRLs from an AGN outside our
galaxy. The central ∼36 pc region of NGC 253 is host to a
number of compact thermal and non-thermal sources and
diffuse gas and is also coincident with the base of the galac-
tic superwind and possibly hosts a central AGN as well.
Hence this galaxy would be an ideal laboratory to study
the dynamics and the interaction of all these components,
much like the galactic center.
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Table 1
VLA observational log and image parameters
Parameter 8.3 GHz data 15 GHz data
Date of observation 9/7/99, 12/7/99 26/6/99
& 9/10/99
νrest of RRL (GHz) 8309.4 (H92α) 15281.5 (H75α)
Bandwidth (MHz), channels/IF 24.2, 31 46.9, 15
Spectral resolutiona (km s−1) 56.4 122.6
Shortest baseline (kλ) 7 12
Beam (natural weights) 0.5′′×0.28′′ 0.31′′×0.14′′
Phase calibrator 0116-219 0118-272
Bandpass calibrator 2251+158 2251+158
Peak continuum flux densityb (mJy) 40 37
Peak line flux density (mJy) 0.92±0.02 1.72±0.02
Noise in the continuum image (1σ, mJy) 0.04 0.13
Line strengthc (×10−23 W/m2) 6±1 23±2
FWHM of lined (km s−1) 225 ± 15 197 ± 26
Noise per channel (mJy) 0.14 0.35
aThe spectral resolution after off-line hanning smoothing.
bEvaluated by simultaneously fitting a gaussian, a zero level and a slope.
cCorresponding to the spectrum against the unresolved radio nucleus.
dThe FWHM after deconvolving the effects of hanning smoothing and finite
spectral resolution.
Table 2
RRL model details (spherical geometry)
Parameter Range
Explored input parameter space
Electron temperature (Te, K) 2500–12500
Local electron density (ne, cm
−3) 10−2–106
Diameter (l, pc) 0.01–5.0
Model solutions for Te=5000–12500 K
ne (cm
−3) 6000–17000
l (pc) 2–5.0
NLyc (s
−1) (6–20)×1051
MHII (M⊙) 1000–7000
Stimulated emission (at 15 GHz, %) 10–60
Thermal continuum fraction (15 GHz) 0.15–0.7
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Table 3
Typical model results : for a spherical geometry with Te=7500 K.
Parameter ne=7000 cm
−3 ne=17000 cm
−3
Aa B C A B C
Diameter l (pc) 3.1 4.0 3.5 2.1 2.3 2.1
NLyc (×10
52 s−1) 0.8 1.6 1.0 1.4 1.9 1.4
Sth/Stotal at 15 GHz 0.3 0.6 0.4 0.4 0.5 0.4
Stimulated emissionb (%) 55 0 — 22 0 —
Spectral indexc (Sν ∝ ν
−α) 0.45 0.5 0.45 0.7 0.75 0.7
MHII (M⊙) 2800 6000 3700 2100 2800 2200
aA, B, and C refer to models where the unabsorbed continuum radiation is
assumed to be behind, in front of, and mixed with, the ionized gas.
bThe fraction of H75α line emission due to stimulated emission by the back-
ground radiation.
cAverage spectral index of the unabsorbed continuum radiation, excluding
the thermal contribution of the ionized gas.
Table 4
Dynamical modeling details
Parameter Explored Range Solutions obtained
Parameter space for model inputs
Ambient density (no, cm
−3) 10−3–106 200–400
Age of cluster (yrs) 104–108 (2–3.5)×104
SFR (M⊙/yr) 0.1–100.0 2.5–6
Parameter space for observational constraints
Radius of shell (Rs, pc) 0.2–4.0 3.5–4.0
Velocity of shell (Vs, km s
−1) 80–120 85–115
Mass of ionized gas (M⊙) 1250–5000 1250–2400
NLyc (photons s
−1) 6–24×1051 6–10×1051
Density of ionized gas (ne, cm
−3) (4–25)×103 (18–25)×103
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Fig. 1.— The radio continuum emission at 8.3 GHz (left) and 15 GHz (right) of the central 36 pc of NGC 253 are plotted as contours. The
contour levels in mJy are 4, 6, 8, 10 and then higher in steps of 5 mJy. The line emission integrated over the velocity range 100–400 km s−1
for the H92α and H75α RRLs are overlaid in greyscale. The beam size for both the images is 0.35′′×0.22′′ at a P.A. of −10◦ and is shown
at the bottom left corner of the left-hand side image.
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Fig. 2.— Hanning smoothed spectra of H92α RRL at 8.3 GHz (left) and H75α RRL at 15 GHz (right) against the radio nucleus, for a
resolution element of 0.35′′×0.22′′. The velocity resolution is 56.4 km s−1 and 122.6 km s−1 for the H92α and H75α spectra respectively.
